Apertureless near field measurements with a metallic tip are performed in the terahertz frequency range. Lateral scans are recorded for different time delays within a terahertz pulse. The forward scattered terahertz signal strongly depends on the time delay. At larger time delays, the tip-sample interaction leads to additional structures in the scan that do not correspond to a change in topography or dielectric function.
Apertureless near field measurements with a metallic tip are performed in the terahertz frequency range. Lateral scans are recorded for different time delays within a terahertz pulse. The forward scattered terahertz signal strongly depends on the time delay. At larger time delays, the tip-sample interaction leads to additional structures in the scan that do not correspond to a change in topography or dielectric function.
Electromagnetic radiation in the terahertz frequency range is of particular interest for the investigation of excitations like phonons 1 and plasmons 2 in semiconductors and molecular vibrations in biomolecules. 3, 4 However, lateral variations in sample properties on a scale smaller than the diffraction limited spot size ͑ = 300 m at 1 THz͒ of the terahertz beam are difficult to detect by conventional terahertz time-domain spectroscopy ͑TDS͒. In particular, for spatially resolved spectroscopy and imaging of nanostructures, it is highly desirable to overcome the diffraction limitation at terahertz frequencies.
In order to achieve subwavelength resolution, near field scanning techniques like subwavelength apertures were established in the microwave 5, 6 and visible 7, 8 frequency ranges. The achievable resolution in aperture scanning near field optical microscope ͑SNOM͒ is mainly determined by the size of the aperture provided the distance between aperture and sample is smaller than the aperture's size. In the terahertz frequency range, several approaches using apertures were reported with detection in the far field [9] [10] [11] [12] and in the near field. 13, 14 A resolution of 7 m at a central frequency of 0.5 THz could be obtained by using a 5 m aperture.
14 A dynamic aperture technique was described by Chen et al. 15 Low transmission and the difficulty in fabrication of small apertures set constraints to the achievable resolution in practice.
For higher resolution, apertureless 16 ͑or scattering͒ SNOM is advantageous, especially at longer wavelengths. 17 In the terahertz frequency range, several groups have realized scattering based SNOMs. In these approaches, the scattered radiation from the tip was measured in the near field 18, 19 or in the far field. [20] [21] [22] [23] Terahertz near field images obtained with a tip-based SNOM and detection in the far field so far have been acquired by measuring the peak value of the electric field of the terahertz pulse as a function of the lateral position of the sample. With this approach, a lateral resolution of 150 nm has been obtained. 24 In this Letter, apertureless near field measurements obtained in the far field are presented, where the sample was scanned at different time delays of the terahertz pulse. The recorded lateral scans are strongly dependent on the time delay and hence provide a detailed insight into the tip-sample interaction.
The setup was a ͑standard͒ terahertz TDS setup in reflection geometry with electro-optic detection. Terahertz pulses were generated using a large area microstructured photoconductive emitter. 25 A Ti:sapphire femtosecond laser providing 60 fs pulses at 800 nm central wavelength and at a repetition rate of 80 MHz was used for excitation with an average power of 450 mW. The emitter bias was modulated with a bipolar square wave voltage with an amplitude of 14 V at a frequency of 51 kHz, which served as reference frequency for lock-in detection. The p-polarized terahertz radiation was focused onto the sample underneath a sharp metal tip by two off axis parabolic mirrors with an angle of incidence of 60°. The tip was prepared by electrochemically etching a 250 m tungsten wire, resulting in a tip radius of Ϸ100 nm. The terahertz pulse reflected in forward direction was collected and focused onto a 1.5 mm thick ͑110͒ oriented ZnTe crystal. A time-delayed probe pulse for electro-optic detection was aligned collinear to the terahertz pulse by using a highresistivity Si beam splitter. A balanced detection scheme employing a quarter wave plate and two photodiodes was used; the intensity difference was demodulated in a lock-in amplifier at the emitter bias modulation frequency. The sample consisted of a 100ϫ 100 m 2 sized gold square with a height of 100 nm deposited on a glass substrate. The sample was scanned by a two axis stage with 5 m step width, i.e., 1 / 60 at 1 THz, underneath the stationary tip. The tip was held at a constant height of approximately 1 m during scanning. Figure 1 shows a terahertz field transient recorded with the tip in the middle, above the gold structure and above the glass substrate, respectively. The field transient consists of a main peak followed by an oscillatory tail. As the setup is not purged, ringing occurs from water vapor absorption. Its bandwidth ranges from 0.2 to 3 THz ͑see Fourier transform in inset͒. The terahertz transient with the glass substrate under the tip varies mainly in amplitude, as the temporal shape is determined by the emitter and both substrate and gold film have a flat spectral response in this wavelength range.
When measuring the electric field of the main peak ͑cor-responding to time delay zero in Fig. 1͒ and scanning the sample under the tip, the reflected field amplitude changes on a lateral scale much smaller than the central wavelength of the terahertz pulse ͑Fig. 2͒: the field change when scanning across the right edge changes within one step of 5 m by 80% of the maximum difference in the field amplitudes on top of the gold and on the substrate. With the tip withdrawn, the measured signal exhibits no sharp variation on the same a͒ Electronic mail: arne.thoma@uni-konstanz.de.
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Konstanzer length scale. In addition, no structure is observed when s-polarized radiation is used since the s-polarized terahertz field does not couple effectively to the tip. The increase in the radiation scattered in the forward direction when the tip is above the gold film can be explained by modeling the tip as an antenna. 26 The signal measured this way clearly shows a one-to-one correspondence to the sample structure with subwavelength resolution. An interesting question is the modulation of the terahertz transient when the lateral scan is recorded at larger time delays . Figure 3 displays several scans at different delays between −0.42 and +2.06 ps with respect to the main peak. In the lateral scans, the central peaks ͑where the gold film is underneath the tip͒ differ in sign and in the absolute value of amplitude ͑note the different scales in Fig. 3͒ . The sign of the central peak in the lateral scan corresponds to the sign of the electric field in the terahertz transient at the same time delay, i.e., if the terahertz transient displays a maximum or a minimum.
Looking at scans at positive time delays ͑ greater than zero͒, additional structures can be seen, which are symmetric around the central peak. At = 0.35 ps, the change in electric field is negative above the gold structure. Next to the edges of the central negative peak, small positive peaks exist. With increasing time delay, they move further out to the left and to the right. The change in position of these additional peaks is indicated by the dotted lines. At about Ϸ 0.9 ps, two additional peaks start to appear next to the central peak. They are broader and smaller than the previous ones and exhibit an asymmetric shape.
The additional peaks appearing at positive time delays also depend on the exact structure of the investigated gold structure: when scanning two parallel 50 m wide gold stripes with 100 m distance ͑not shown͒, each of the extra structures in the changes in the terahertz signal at larger time delays consists of two peaks separated Ϸ100 m from each other.
The extra peaks can be explained by a resonance of the system sample-metallic tip. The system is excited by a broadband pulse with a spot size larger than the scanning range. Therefore the detected signal is not a simple interference pattern as observed in cw measurements. In a simplistic picture, a pulse travels back and forth between gold film and tip and is coupled out at the tip every round trip. The distances between the extra peaks and the gold structure SiO 2 in this wavelength range, 27 which gives n eff = 1.56. In addition, the position of the two peaks in the line scan at = 2.06 ps can be evaluated; the difference is d 0 − d 1 = 275Ϯ 20 m. According to the above formula, this gives n eff =2c / 3͑d 0 − d 1 ͒ = 1.5Ϯ 0.1 with a larger error due to the broadening of the inner peak ͑k =1͒.
In conclusion, we observed the influence of the interaction of a tip with a metallic structure in a scanning terahertz near field microscope. This coupling leads to additional changes in the terahertz transient at distances much larger than the resolution limit of the microscope. The observed resonances between the tip and a metal structure could be of relevance when spectroscopic information is extracted from a terahertz scattering SNOM approach. The measurement of the full terahertz transient, which is necessary for performing a Fourier transform at each point of the scan, will be affected by contributions from the coupling to metallic structures of the sample further away.
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